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Tunable Laser with Stabilized Grating 



BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to a line-narrowed laser, and particularly to a 
tunable excimer or molecular fluorine laser having a thermally and 
mechanically stabilized grating. 

2, Discussion of the Related Art 

Semiconductor manufacturers are currently using deep ultraviolet 
(DUV) lithography tools based on KrF^excimer laser systems operating 
around 248 nm, as well as the following generation of ArF-exdmer laser 
systems operating around 193 nm. The ArF and KrF lasers have a broad 
characteristic bandwidth of 300 to 400 pm or more (FWHM). Vacuum UV 
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(VUV) uses th F r las r which characteristically emits two or three closely 
spaced lines around 157 nm. 

It is important for their respective applications to the field of sub-quarter 
micron silicon processing that each of the above laser systems become 
capable of emitting a narrow spectral band of known bandwidth and around a 
very precisely determined and finely adjustable absolute wavelength. 
Techniques for reducing bandwidths by special resonator designs to less than 
100 pm (for ArF and Krf lasers) for use with all-reflective optical Imaging 
systems, and for catadioptric imaging systems to less than 0.6 pm, and 
preferably less than 0.5 pm, are being continuously improved upon. 

For the application of excimer lasers as light sources for steppers 
and/or scanners for photographic microlithography, it is desired to have laser 
emission within a range that is for smaller than the natural linewidth, e.g., 
around 300 to 400 pm for ArF and KrF lasers. The extent of the desired line 
narrowing depends on the imaging optics of the stepper/scanner devices. 
The desired bandwidth for catoptric systems is less than around 50 pm, and 
for catadioptric or dioptric optics it is less than around 0.6 pm. Currently, used 
systems for the KrF laser emitting around 248 nm have a bandwidth around 
0.6 pm. To improve the resolution of the projection optics, a narrower laser 
bandwidth is desired for exqmer laser systems of high reliability and very 
small bandwidth of 0.4-0.5 pm or less. 

A line-narrowed excimer or molecular fluorine laser used for 
microlithography provides an output beam with specified narrow spectral 
linewidth. It is desired that parameters of this output beam such as 
wav length, linewidth, and nergy and energy dose stabitty be reliable and 
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consistent Nanowing of the tinewidth is generally achieved through th use 
of a linewidth narrowing and/or wavelength selection and wavelength tuning 
module (hereinafter "line-narrowing module") most commonly including 
prisms, diffraction gratings and, in some cases, optical etalons. 

U.S. patent application no. 09/317,527, which is assigned to the same 
assignee as the present application and is hereby Incorporated by reference, 
describes the use of a pressure-tuned etalon (see also U.S. patents no. 
5,901,163 and 4.977.563, also hereby incorporated by reference). The etalon 
is enclosed within a housing and an inert gas is filled particularty between the 
plates forming the etalon gap. The interferometric properties of the etalon are 
controlled by adjusting the pressure of the gas. and thus the index of 
refraction of the gas in the gap. 

Une-nanowlng modules typically function to disperse incoming light 
angularly such that light rays of a beam with different wavelengths are 
reflected at different angles. Only those rays fitting into a certain "acceptance" 
angle of the resonator undergo further amplification, and eventually contribute 
to the output of the laser system. 

For broadband excimer lasers such as the ArF and KrF lasers 
mentioned above, the central wavelengths of line-narrowed output beams 
may be tuned within their respective characteristic spectra. Tuning is typically 
achieved by rotating the grating or highly reflective (HR) mirror associated 
with the line-narrowing module. The grating Is. however, a fairly bulky optical 
component resulting in difficulties for precision tuning. 

Excimer and molecular fluorine lasers particularly manufactured for 
phot lithography applications are being developed to emit pulsed radiation at 
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higher repetition rates such as 1-2 kHz and above. At these higher repetition 
rates, improv ments are sought for reducing thermal stresses nthe 
resonator optics. 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide a line-narrowing module for a 
precision-tunable excimer or molecular fluorine laser. 

It is a further object of the invention to provide a line-narrowing module 
for a high repetition rate excimer laser having a thermally stabilized diffraction 
grating. 

It is an additional object of the invention to provide a line-narrowing 
module for an excimer or molecular fluorine laser having a mechanically 
stabilized grating. 

In accord with the above objects, a line-narrowing module for use with 
an excimer or molecular fluorine laser system is provided including a multiple 
prism beam expander and a reflection grating preferably attached to a heat 
sink. A pressure-controlled enclosure filled with an inert gas seals the grating 
and/or other elements, such as an etalon and/or one or more of the beam 
expanding prisms, of the line-narrowing module. The pressure in the 
enclosure is adjusted fortuning the wavelength. Alternatively, an intracavKy 
etalon or a prism of the beam expander is rotatabie for tuning the wavelength. 
Advantageously, the grating may be fixed in position attached to the heat sink 
having enhanced thermal and mechanical stability, and the wavelength may 
be tuned without rotating the grating. 
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When pressure tuning is used, the pressure may be advantageously 
varied by eith r controlling th flow rate of a purging gas continuously flowing 
through a total or partial line-narrowing module enclosure or grating 
enclosure, or by increasing or decreasing the gas pressure in a sealed 
enclosure such as by pumping or overpressurizing the interior of the 
enclosure. A pump may be used particularly for under-pressure (i.e., less 
than outside pressure) flow through the enclosure. An over-pressure (i.e., 
more than outside pressure) flow may be used with or without the use of a 
pump. Preferably, the pressure is controlled, e.g. a by controlling the flow rate 
as discussed above, by a processor in a feedback arrangement with a 
wavelength detector Advantageously, the output emission wavelength is 
continuously adjustable and stabilized. 

Also in accord with the above objects, an excimer or molecular fluorine 
laser is provided including a discharge chamber filled with a gas mixture 
including molecular fluorine, multiple electrodes within the discharge chamber 
connected to a pulsed discharge circuit for energizing the gas mixture, a 
resonator for generating a laser beam including a pair of resonator reflector 
surfaces, the discharge chamber and a line-narrowing module including one 
or more optical elements for reducing the bandwidth of the beam, a sealed 
enclosure around one or more optical elements of the line-narrowing module, 
and a processor for monitoring the wavelength of the beam. The seated 
enclosure includes an inert gas inlet for filling the enclosure with an inert gas. 
The processor controls the pressure of the inert gas within the enclosure for 
tuning the wavelength output by the line-narrowing module. The enclosure 
may further include an outlet for flowing an inert gas through the enclosure. 
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An excimer or molecular fluorine laser is also provided Including a 
discharge chamber filled with a gas mixture including molecular fluorine, 
multiple electrodes within the discharge chamber connected to a pulsed 
discharge circuit for energizing the gas mixture, and a resonator for 
generating a laser beam including a pair of resonator reflector surfaces. The 
discharge chamber and a linerorrowing module including a beam expander, 
an interferometric device and a grating for reducing the bandwidth of the 
beam. The Interferometric device is disposed before the grating after the 
beam expander. 



BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 schematically shows a laser system In accord with the preferred 
embodiment 

Fig. 2 schematically shows a line-narrowing module in accord with a 
first embodiment 

Fig. 3 schematically shows a line-narrowing module in accord with a 
second embodiment 

Fig. 4 schematically shows a line-narrowing module in accord with a 
third embodiment 

Fig. 5a schematically shows a line-narrowing module in accord with a 
fourth embodiment 

Fig. 5b schematically shows an alternative line-narrowing module. 
Fig. 5c schematically shows another alternative line-narrowing module. 
Fig. 6 schematically shows a line-narrowing module in accord with a 
fifth embodiment 

SUBSTITUTE SHEET (RULE 26) 



10/03/01 WED 13:09 FAX 18006661233 



Ifi009 



WOW/56119 , FCT/EP01A.D855 

7 

Rg. 7 schematically shows a line-narrowing modul in accord with a 
sixth mbodiment. 

Rg. 8 schematically shows a line-narrowing module In accord with a 
seventh embodiment 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Rg. 1 schematically shows a laser system in accord with a preferred 
embodiment. The system includes a laser chamber 2 filled with a gas mixture 
and having a pair of main electrodes 3 and one or more preionizabon 
electrodes (not shown). The electrodes 3 are connected to a solid-state 
pulser module 4. A gas handling module 6 is connected to the laser chamber 
2. A high voltage power supply 8 is connected to the pulser module 4. A 
laser resonator is shown including the laser chamber 2 and including a rear 
optics module 10 and a front optics module 12. One or both of the optics 
modules 10 and/or 12. and preferably the rear optics module 10. includes a 
harrowing module in accord with various embodiments set forth in more 
detail below. An optics control module 14 communicates with the rear and 
front optics modules 10. 12. Alternatively, the processor 16 may 
communicate directly with the optics modules 10, 12. The computer or 
processor 16 controls various aspects of the laser system. A diagnostic 
module 18 receives a portion of the output beam 20 from a beam splitter 22. 

The gas mixture in the laser chamber 2 preferably includes about 0.1 % 
F„ 1.0% Kr and 98.9% Nefor a KrF-las r. 0.1% F 2 . 1.0% Ar and 98.9% Ne 
and/or He for an ArF laser, arid 0.1% F 2 and 99.9% N and/or H foraF, 
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laser (for more details on the preferred gas mixtures, see U.S. patent 
applications no. 09/513,025, 09/447,882,60/124,785, 09/418,052, 
60/171.717, 60/158,525, 09/379,034, 09/484,818, 60/127.062 and 
60/160,126, and U.S. patents no. 6,157,682, 4,393,505, 6,160,832 and 
4,977,573, each of which is assigned to the same assignee as the present 
application and is hereby incorporated by reference). The laser system may 
be another laser system including a line-narrowing module such as a dye 
laser. A trace amount of a gas additive such as xenon, argon or krypton may 
be included (see the '025 application, mentioned above). 

The gas mixture is preferably monitored and controlled using an expert 
system (see the '034 application, mentioned above). One or more beam 
parameters Indicative of the fluorine concentration in the gas mixture, which is 
subject to depletion, may be monitored, and the gas supply replenished 
accordingly (see the '882, '052, '525, '034, and '062 applications, mentioned 
above). The diagnostic module 18 may include appropriate monitoring 
equipment or a detector may be positioned to receive a beam portion split off 
from within the laser resonator (see the '052 application). The processor 16 
preferably receives information from the diagnostic module 18 which is 
indicative of the halogen concentration and initiates gas replenishment actions 
such as micro-halogen injections, mini and partial gas replacements, and 
pressure adjustments by communicating with the gas handling module 6 (see 
the '882 and 717 applications). 

Although not shown, the gas handling module 6 has a series of valves 
connected to gas containers external to the laser system. The gas handling 
module 6 may also include an internal gas supply such as a halog n and/or 
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xenon supply or gen rator (see the '025 application). A gas compartment (not 
shown) may be inducted in the gas handling module 6 for precise control of 
the micro halogen injections (see the '882 and 717 applications, mentioned 
above, and U.S. patent no. 5,396,514, which is assigned to the same 
assignee as the present application and is hereby incorporated by reference). 

The wavelength and bandwidth of the output beam 20 are also 
preferably monitored and controlled. Preferred wavelength calibration devices 
and procedures are described at the '832 patent, mentioned above, U.S. 
patent application no. 09/271,020, and U.S. patent no. 4,905,243, each of 
which is assigned to the same assignee as the present application and is 
hereby incorporated by reference. The monitoring equipment may be 
included in the diagnostic module 18 or the system may be configured to 
outcoupie a beam portion elsewhere such as from the rear optics module 10, 
since only a small intensity beam portion is typically used for wavelength 
calibration (see the '832 patent). 

Preferred main electrodes 3 are described at U.S. patent applications 
no. 60/128,227, 09/453,670 and 60/184,705, which are assigned to the same 
assignee as the present application and are hereby incorporated by 
reference. Other electrode configurations are set forth at U.S. patents no. 
5,729,565 and 4,860,300, each of which is assigned to the same assignee 
and Is hereby incorporated by reference. Preferred preionization units are set 
forth at U.S. patent applications no. 60,162,845, 60/160,182, 09/692,265, 
60/127,237, 60/138,409 and 09/247,887, each of which is assigned to the 
same assignee as the present application and is hereby incorporated by 
reference. The preferred solid state pulser module 4 and the high voltage 
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power supply 8 are set forth at U.S. patent no. 6,020,723 and 6,005,880, and 
U.S. patent applications no. 60/149,392, 09/640,595, 60/204,095 and 
09/390,146, each of which is assigned to the same assignee as the present 
application and is hereby incorporated by reference into the present 
application. 

The processor 16 is also shown connected to an interface 24. The 
interface 24 allows the processor 16 to communicate, e.g., with a 
stepper/scanner computer 26 associated with an imaging system for 
photolithography. The interface 24 also allows the processor 16 to 
communicate with control units 28 at a hand held terminal, also associated 
with the imaging system or otherwise at the fob. 

As shown in Fig. 1 , the processor 16 communicates with various 
modules of the laser system through various interfaces. In addition, some of 
the modules may communicate directly with each other, e.g., some of the 
modules may be configured with their own microprocessors. The processor 
16 is communicating through the six interfaces shown for the purposes of 
Illustration and may communicate through more or fewer interfaces and with a 
variety of other modules through the same or additional interfaces depending 
on the configurations! specifications of the laser system. 

A laser beam path from the output coupler to an imaging system or 
application may be enclosed within an enclosure such as is described at U.S. 
patent applications no. 09/343.333, 09/594,892 and 09/131,580. each of 
which is assigned to the same assignee and is hereby incorporated by 
reference. Similar enclosures may seal the path between the chember and 
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optics modules 10, 12 within the las r resonator. Such enclosures are 
particularly preferred for the F 2 laser, and also for the ArF laser. 

Fig. 2 schematically shows a line-narrowing module in accord with a 
first embodiment The tine narrowing module shown includes a beam 
expander comprising four beam expanding prisms 30, 31 , 32 and 33, and a 
grating 35, which is preferred for the ArF laser, while more or fewer than four 
prisms may be used. The line-narrowing module may Include other optics 
such as one or more etalons, a dispersive prism and/or a transmission grating 
or transmission or reflection grism. A transmission grlsm or transmission 
grating together with a highly reflective minor may be substituted for the 
grating. A reflection grism may also be substituted for the grating 35 (see the 
'532 application, mentioned above and U.S. patent application no. 
60/173,933, which is assigned to the same assignee and is hereby 
incorporated by reference). Depending on the laser application and imaging 
system for which the laser is to be used, alternative line-selection and/or line- 
narrowing techniques which may be used within the scope of the invention are 
described at some or all of U.S. patents no. 4,399,540, 4,905,243, 5,226,050, 
5,559,816. 5,659,419, 5,663,973, 5,761,236, and 5,946,337, and U.S. patent 
applications no. 09/317,695, 09/130,277, 00/244,554, 09/317,527. 
09/073,070, 60/124,241, 60/140,532, 60/147,219, 60/173,993, 60/170,342, 
60/170,919, 60/182,083, 09/073,070,60/166,277, 60/166,967, 60/167,835 
and 60/140,531 , each of which is assigned to the same assignee as the 
present application, and U.S. patents no. 5,978,409, 5,999,318, 5,095,492, 
5,684,822, 5,835,520, 5,852,627, 5,856,991, 5.898,725, 5,657,334, 
5,901,163, 5,917,849, 5,970,082, 5,404,366, 4,975,919, 5,142,543, 
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5,596,596,5,802,094,4,856.018,4,686.012,5,646,954,4,873,692, 
4,972,429, 5,596,456, 5,081,635. 4.829.536. 5,748,316, 5,150.370, and 
4,829,536, and European patent application no. 0 472 727 A1 and PCT 
application no. 98/16455, all of which are hereby incorporated by reference. 
Some of the line selection and/or line narrowing techniques set forth In these 
patents and patent applications may also be used in combination. 

The beam expander shown in Fig. 2 is specifically contemplated for 
use with the ArF laser, and may also be used with the Krf and F 2 lasers. The 
beam expander may include fewer or more than tour prisms. The beam 
expander may include other beam expanding optics such as one or more 
lenses, e.g., a diverging lens and a colllmating lans, and may include 
reflective optics (see, e.g„ U.S. patent no. 6,163,559, which is hereby 
incorporated by reference). The prisms 30-33 may have anti-reflective 
coatings on one or more surfaces that the beam impinges upon. 

The prisms 30-33 are beam expanding prisms and as such the beam 
exits each prism 30-33 approximately normal to the back surface of each 
prism 30-33 as the beam propagates toward the grating 35. The angular 
alignment of each prism 30-33 is shown relative to the direction of the 
Incoming (and outgoing) beam 36 from (to) the laser tube (not shown). The 
prisms 30-33 are aligned as shown having their front or entrance surfaces, 
respectively, at angles y 1t and * to the direction of the incoming beam 
36. Each prism 30-33 and any etalon(s) of the line-narrowing module 
preferably comprise calcium fluoride, and may comprise fused silica 
particularly for the KrF laser, or another material having similar DUV or VUV 
transmissive and thermal properties such as BaF 2l SrF 2 , LiF, MgF 2 , etc. (see 
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U.S. patent application no. 60/162,735 and 09/584,420, assigned fo the same 

assignee and hereby incorporated by reference, and the 5,761,236 patent, 

mentioned above). 

The grating 35 is preferably a highly reflective diffraction grating 35 

(some preferred gratings are described in the '835 and '342 applications, 

mentioned above). The plane of the grating 35 is shown aligned at angle y« to 

the direction of the incoming beam 36. 

The grating 35 is shown mounted on a heat sink 38. The grating 35 is 
preferably fixed immovably on the heat sink 38. The heat sink 38 is also 

preferably fixed immovably within the front or rear optics module 10, 12. The 
heat sink 38 is preferably comprised of a material having a high thermal 
conductivity such that heat is efficiently diffused throughout the heat sink 38. 
The heat sink may be water-cooled or otherwise thermally controlled. The 
grating .35 and heat sink 38 are attached in such a way that heat transfer is 
very efficient The high thermal conductivity material of the heat sink 38 is 
preferably a material such as copper, aluminum, brass, alloys thereof, or other 
materials of similarly high thermal conductivity. The heat sink is preferably 
attached to the grating 35 by soft pressing the grating directly to the surface of 
the heat sink 38 or using an intermediate layer such as of In, Pb or a similar 
material. 

Some of the light intensity of the incident beam is absorbed by the 
grating 35 and transformed into heat. More heating of the grating 35 occurs 
as the laser is operated at higher repetition rates, as is the trend in 
lithographic exctmer lasers. The heat diffuses through the grating 35 and is 
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advantageously transferred to th heat sink 38, In accord with the preferred 
embodiment. 

Thus, the grating 35 of the present invention heats up less quickly man 
a conventional grating mounted Into a same or simitar laser. Also, the grating 
35 reaches a maximum temperature below that reached by conventional 
gratings of laser systems operating at the same repetition rate. The lifetime of 
the grating 35 is advantageously increased because the grating 35 is less 
likely to fail due to thermal induced stresses and defects, particularly at its 
surface. The performance of the grating is also enhanced due to the 
increased thermal stability of the grating 35-heat sink 38 combination, and 
thus the line-narrowed output emission beam of the laser has improved 
wavelength stability. 

The grating 35 is also shown within a seated enclosure 40. The 
enclosure 40 is preferably configured to withstand positive and negative 
pressures relative to ambient from a few millibar to several bare. In a 
particular embodiment the enclosure 40 is configured to be pressure- 
controlled between around 1 bar and 4.5 bar. 

A port 42 is shown for filling the enclosure with an inert gas such as 
preferably argon or nitrogen. Other inert gases may be used wherein the inert 
gases do not absorb around the emission wavelength of the laser being used, 
e.g., around 103 nm for the ArF laser, around 248 nm for the KrF laser, and 
around 157 nm for the F 2 laser. The enclosure 40 may be within a larger 
enclosure used to exclude photoabsorbing species end contaminants from the 
beam path. More than one inlet port may be provided and a separate outlet 
port may be provided. A port connected to a low pressure source such as a 
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pump may also be provided. A gaug or other mechanism for measuring th 
pressure in the enclosure is also preferably included and a connection for 
permitting a signal to be sent to the processor 1 6 is included for processor 
monitoring of the pressure. 

The pressure in the enclosure 40 is preferably controllably adjustable in 
the ranges mentioned above. For example, the pressure may be finely raised 
or lowered, e.g., at a rate of 1 mbar/second. The temperature in the 
enclosure 40 is preferably also monitored and controlled. 

The interior gas pressure within the enclosure 40 may be adjustable by 
controlling a continuous flow from an inlet port 42 to an outlet port 43. The 
outlet port 43 may or may not be connected to a pump in which case the 
pressure may be lower than 1 mbar. The flow may be regulated by a 
pressure regulator connected before the inlet 42, or a flow control valve, or a 
conventional means not just mentioned for controlling gas flow and/or 
pressure. The flowing gas is preferably an inert gas such as helium, nitrogen, 
or argon. The flow may be continuously controlled such that any pressure 
within a continuous pressure range may be tuned within the enclosure. This 
allows the wavelength of the laser beam to be tuned within a continuous 
range of wavelengths. 

The pressure-controlled enclosure 40 allows the index of refraction n of 
the gas in the enclosure 40 to be adjusted. By adjusting the index of 
refraction n of the gas in the enclosure 40, the central resonator acceptance 
angle wavelength, i.e., the central wavelength that is reflected from the line- 
narrowing module including the grating 35 into the acceptance angle of the 
res nator, is changed. The grating formula, i.e., mX. = 2dsin9. is unaffected by 
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the pressure in the enclosure 40. As the beam exits the enclosure 40, 
however, th wavelength X becomes X'=n(P)X, assuming n-1 outside of th 
enclosure 40. Thus, the wavelength of the line-narrowed output emission 
beam of the laser may be advantageously tuned by controlling the pressure of 
the gas within the enclosure 40, and the grating 35 can remain fixed in Ha 
position attached to the heat sink 38 when the laser is being tuned. 

Fig. 3 schematically shows a line-narrowing module in accord with a 
second embodiment The line-narrowing unit including the prisms 30*33 and 
the grating 35 attached to the heat sink 38 are the same as those shown and 
described with regard to Fig. 2. The enclosure 40 of Fig. 2 is replaced in the 
second embodiment by a different enclosure 44, as shown in Fig. 3. The 
entire line-narrowing unit including the beam expander is sealed within the 
enclosure 44, and not just the grating 35. 

The enclosure 44 is again preferably configured to withstand positive 
and negative pressures relative to ambient from a few millibar to several bars, 
and particularly between around 1 bar and 4.5 bar. A port 46 is shown for 
filling the enclosure with an inert gas similar to the port 42 of Fig. 2, and more 
than one inlet port and/or a separate outlet port and/or a pump port may be 
provided. A gauge or other mechanism for measuring the pressure in the 
enclosure 44 is also included. The pressure in the enclosure 44 may again be 
finely raised or lowered, e.g., at a rate of 1 mbarSsecond, and the temperature 
in the enclosure 44 is preferably also monitored and controlled. 

The interior gas pressure within the enclosure 44 may be adjustable by 
controlling a continuous flow from an inlet port 46 to an outlet port 47. The 
outlet port 47 may or may not b connected to a pump. Th flow may be 
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regulated by a pressure regulator connected before the rnfet 46, or a flow 
control valve, or a conventional means not just mentioned for controlling gas 
flow and/or pressure. The flow may be continuously controlled such that any 
pressure within a continuous pressure range may be tuned within the 
enclosure. This allows the wavelength of the laser beam to be tuned within a 
continuous range of wavelengths. 

The pressure-controlled enclosure 44 allows the index of refraction n of 
the gas in the enclosure 44 to be adjusted. By adjusting the index of 
refraction n of the gas in the enclosure 44, the central resonator acceptance 
angle wavelength, i.e., the central wavelength that is reflected from the line- 
narrowing module including the beam expander prisms 30-33 and grating 35 
Into the acceptance angle of the resonator, is changed, as mentioned above. 

As mentioned above, the grating formula, l.e., mX * 2dsine. is 
unaffected by the pressure in the enclosure 40, and the plane of the grating 
35 is preferably aligned at the same angle ^ as in Fig. 2. One or more of 
the prisms 3(W3 may be aligned differently than in Fig. 2. That is, the angles 
y.'. TiVfc'. and y 4 ' may differ from the angles n. and y 4 to compensate 
changes in the angles of refraction at the prism surfaces due to the refractive 
index change of the gas surrounding the prisms 30-33. The refractive 
changes at the prism surfaces may also be compensated by adjusting to 
different enclosure pressures corresponding to the desired output emission 



As the beam exits the enclosure 44, the wavelength A. becomes 
X'=n(P)X, assuming n=1 outside of the enclosure 44. Thus, th wavelength of 
the line-narrowed outout emission beam of the laser mav again b 
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advantageously tun d by controlling the pressure of the gc& withinlfie 
enclosure 44, and th grating 35 can remain in Hs position fixed to th heat 
sink 38 when the laser is being tuned. A different portion of the fine narrowing 
module may be enclosed, as well, while some elements remain outside the 
enclosure, such as by enclosing only one or two prisms rather than all of 
them. 

Fig. 4 schematically shows a line-narrowing module in accord with a 
third embodiment The line-narrowing unit shown includes the prisms 30-32 
and the grating 35 attached to the heat sink 38 also shown at pigs. 2 and 3. 
There is no enclosure (ike the enclosures 40 and 44, however, for pressure 
tuning the wavelength, although the line-narrowing unit, as well as other 
portions of the beam path, may be enclosed for purging with an inert gas to 
prevent absorption and/or contamination, etc. 

Instead, the prism 48 has been substituted for the prism 33 of Figs. 2 
and 3. The prism 48 preferably has the same or similar dimensions and 
material composition as the prism 33. However, the prism 48 is rotatable 
such the angle y 4 " fe adjustable (see the '554 application, mentioned above). 
The prism 48 is preferably mounted on a rotatable holder or on a platform or 
coupling that may be rotated on a fixed holder. 

Alternatively, one of the other prisms 30-32 may be rotatable and the 
prism 48 fixed, or two or more of the prisms 30-32 and 48 may be rotatable. 
Two or more of the prisms may be synchronously rotatable to compensate 
. refraction angle changes caused by rotation of each prism, as well (see the 
'554 application). 
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Advantageously, the central resonator acceptance angle wavelength 
may be tuned by rotating th prism 48 (and/or other prism or prisms 30-32) , 
and the output emission wavelength of the laser system thereby tuned. The 
grating 35 may remain fixed in position attached to the heat sink 38. 

Fig. 5a schematically shows a line-narrowing module in accord with a 
fourth embodiment The line-narrowing module is particularly preferred for 
use with a KrF laser, but is also contemplated for use with ArF and F 2 lasers. 
The line-narrowing module shown in Fig. 5a has a beam expander including 
three beam expanding prisms 30*32. There may be more or fewer than three 
prisms, and the beam expander may use one or mora lenses or reflective 
optics in addition to or in lieu of the prisms 30-32. 

An etalon Is shown Included In the line-narrowing module of Fig. 5a. 
The etalon is within an enclosure 52 together with the grating 35 which la 
attached to the heat sink 38. The pressure within the enclosure 52 is varied 
to tune and/or select the wavelength using over- or under-pressure, and filled 
with stagnant gas using no purging gas flow or flowing gas using a continuous 
gas flow. When no flow is used, then preferably only the port 54 is hooked up 
to a pump or a pressurized gas bottle is connected to it, e.g„ through a 
pressure regulator. When continuous flow is used, then each of ports 54 and 
58 is used, one as an inlet 54 and the other as an outlet 56, wherein the outlet 
may or may not be hooked up to a pump. Preferably, a valve or series of 
valves is used to control the pressure, and the pump may have variable 
speeds. 

The etalon SO and the grating 38 are each preferably initially aligned at 
selected angles to the beam depending on the desired wavelength range to 
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be used, and th n the pressure in the nclosure 52 is varied to fun the 
wavelength around that initially selected wavelength. Th etalon SO may 
alternatively be outside the enclosure 52. 

As is understood by those skilled in the art, an etalon is a specific case 
of a more general class of interferometric devices, wherein an etalon has a 
pair of parallel plates. The etalon 50 shown in Fig. 5a is one that has a pair of 
flat plates, although an etalon may generally have curved plates or may have 
another geometry wherein a gap spacing between the plates in constant over 
the cross section of the etalon. Wherever an etalon is mentioned herein, an 
interferometric device may be substituted and used within the scope of this 
description of the preferred embodiments. 

In addition, although the preferred embodiments describe line- 
narrowing modules at Figs. 2-8 preferably included in the rear optics module 
1 0 of Fig. 1, an output coupling interferometer may be included at the front 
optics module 12. The interferometer used as an outeoupler would be 
preferably a device having at least one curved inner surface and one flat inner 
surface, or two curved inner surfaces Having opposing curvatures, such as 
are described at U.S. patent application no. 09/715,803, which is assigned to 
the same assignee and is hereby incorporated by reference. The inner 
surfaces of the interferometer are non-parallel which serves to improve 
spectral purity by cutting out spectral sidebands. The interferometer may 
alternatively be an etalon or quasi-etalon. Such an output coupling 
Interferometer may be included in a laser resonator including any of the line- 
narrowing modules set forth in this description of the preferred embodiments. 
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Figs. 5b and 5c illustrate anoth r advantageous feature of positioning 
the etalon after the third beam expanding prism 32, as introduced in Rg. 5a. 
In these embodiments, wavelength tuning may be performed, by any means 
described herein or as known to those skilled in the art such as by rotating the 
grating or another element such as a prism or etalon, or by pressure tuning 
the grating, the etalon, the whole line-narrowing unit, etc. The grating 35 may 
be connected to the heat sink 38 as is preferred or may be conventionally 
disposed within the line-narrowing module of the excfmer or molecular fluorine 
laser (see, e.g., U.S. patent no. 6,094,448, hereby incorporated by reference). 

In the embodiment shown in Fig. 5b, the first two beam expanding 
prisms 30 and 31 encounter the beam as it emerges from the laser tube (not 
shown). Next, the beam traverses the etalon 58 and finally the third beam 
expanding prism 32 prior to impinging upon the grating 35. This line- 
narrowing portion of the resonator may be part of a polarization coupled 
resonator as is known in the art (see, e.g., U.S. patents no. 5,150,370 and 
5,559,816, hereby incorporated by reference). 

As repetition rates are increased to more than 2 kHz, as is desired in 
the art, discharge widths are desired to be reduced, such as by reducing 
electrode widths (see the 09/453,670 application, incorporated by reference 
above), in order to meet increased clearing ratio requirements (rep rate < 
clearing ratio = volumetric gas flow speed through the discharge / discharge 
width). In addition, heating of optical elements, and particularly the etalon, will 
be more pronounced at the greater repetition rates due to an incident power 
increase where the pulse energy remains the same as it was at the lower rep 
rates. Moreov r, at reduced discharge width, the beam will ccupy a smaller 
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geometrical extent, resulting In more localized heating of optics and 
corresponding distortions. 

The embodiment of Fig. Sc is thus particularly preferred for lasers 
operating at high repetition rates (e.g., 2-4 kHz or more), and correspondingly 
with reduced discharge widths as described above. The third beam 
expanding prism 32 is disposed before the etaion 58 in the embodiment of 
Fig. 5c, wherein the positions of this prism 32 and the etaion 58 are switched 
from that shown and described with respect to Fig. 5b. By having the third 
prism 32 before the etaion 58, the beam divergence is reduced and beam 
expansion is increased before the beam is incident on the etaion 58. The 
reduced divergence advantageously provides improved performance of the 
etaion as a smaller range of incidence angle of rays of the incident beam are 
subjected to the angularly dependent interference properties of the etaion. 

As mentioned above, the discharge width Is preferably reduced at 
higher rep rates to improve the clearing ratio. In the arrangement of Fig. 5b, 
at the larger discharge width of conventional laser systems operating at lower 
repetition rates, the beam has a larger geometry and preferably occupies a 
substantial extent of the plates of the etaion 58. However, when the 
discharge width is reduced, the beam geometry is correspondingly reduced, 
and thus occupies a small extent of the plates of the etaion 58. Thus, if the 
arrangement of Fig. 5b continues to be used, then the beam will occupy a 
smaller area of the plates of the etaion 58, since the divergence and amount 
of beam expansion are the same and the beam began with a smaller width 
due to the reduced discharge width, resulting in increased localized heating. 
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It is desired to utilize the substantial extent of the plates of the etalon 
58. The increased beam expansion prior to the etalon 58 provided in the 
embodiment of Fig. 5c allows for reduced localized heating of the etalon 58. 
compared with that of Fig. 5b for a same repetition rate and discharge width. 
A fourth prism (not shown) may be disposed after the etalon 58 or before the 
etalon 58. 

The inclusion of the grating 35, interferometric device 50 which may be 
disposed in the line-narrowing module or in the front optics module 12, e.g., 
as an output coupling device, and prisms 30-32 of the beam expander permit 
operation at bandwidths below 5 pm. The prisms 30-32 and the 
interferometeric device 50 which is preferably an etalon when used in the line- 
narrowing module of the rear optics 10. e.g., in a KrF laser or F 2 laser, and is 
preferably as set forth at U.S. patent application 09/715,803, hereby 
incorporated by reference, when used as an outcoupler. e,g., in an ArF or F 2 
laser, each incur absorption which occurs at a higher rate when the laser is 
operated at these higher repetition rates above 2 kHz. Theprisms 30-32 of 
the beam expander and plates of the interferometric device are 
advantageously formed of a thermally stable material (such as has low 
absorption, high thermal conductivity, etc.) at DUV wavelengths and below, 
and specifically at 248 nm for the KrF laser, 193 nm for the ArF laser and 157 
nm for the F 2 laser. Such materials are preferably CaF 2 , MgF 2 . BaF 2 or UF. 
CaF 2 is mostly preferred and MgF 2 is alternatively preferred to CaF 2 . 

Fig. 6 schematically shows a line-narrowing module in accord with a 
fifth embodiment. The line-narrowing module of Fig. 6 is the same as the 
fourth embodiment shown in Fig. 5, except there is no enclosure 52 and th 
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etalon 50 is r placed by the etalon 58. Th etalon 58 dlffefe frflfn tffe etalBn 
50 in thattheetalon 58 is preferably rotatable for tuning th wavelength utput 
by the line-narrowing module. The etalon 50 of Fig. 5a could also be 
alternatively rotatable. but preferably the etalon 50 is fixed at the initially 
selected angle, as discussed above. 

Since there is no enclosure 52 for tuning the wavelength in the fifth 
embodiment, although the line-narrowing module may be otherwise enclosed 
to prevent photoabsorbing species from contaminating the beam path, and 
once again the grating 35 is fixed to the heat sink 38, then the rotatable 
property of the etalon 58 is advantageous for tuning the wavelength and/or 
stabilizing the wavelength, e.g., in a feedback loop with a processor 16 and 
wavelength detector of the diagnostic module 1 8. It is noted here that a 
feedback arrangement with the processor 16 is preferred in all of the first 
through seventh embodiments notwithstanding the manner is which the 
wavelength is tuned and/or stabilized. Alternatively with respect to the fifth 
embodiment, one or more of the prisms 30-32 may be rotatable for tuning the 
wavelength, while the etalon 58 is either rotatable as well, or fixed. 

Rg. 7 schematically shows a line-narrowing module in accord with a 
sixth embodiment. The line-narrowing module is particularly preferred for use 
with a KrF laser, but is also contemplated for use with ArF and F2 lasers. The 
line-narrowing module shown in Rg. 7 has a beam expander including three 
beam expanding prisms 30-31 and 59. There may be more or fewer than 
three prisms, and the beam expander may use one or more lenses or mirrors 
in addition to or in lieu of only the prisms 30-31 or each of prams 30-31 and 
59. 
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An etalon 60 is included in th Hne-nan^wlngmodutedfFig.7. the 
etalon 60 is within an enclosure 61 together with the prism 59 and the grating 
36 which is attached to the heat sink 38. The positions of the etalon 60 and 
prism 50 may be switched, and preferably are, for higher repetition rate laser 
operation as explained above with reference to Figs. 5a and 5b. 

The pressure within the enclosure 61 is varied to tune and/or select the 
wavelength using over- or underpressure, and either filled with stagnant gas 
using no purging gas flow, or using a flowing gas and a continuous gas flow. 
When no flow is used, then preferably only the port 62 is hooked up to a pump 
or a pressurized gas bottle, e.g., through a pressure regulator. When 
continuous flow Is used, then each of ports 62 and 64 is used, one as an inlet 
62 and the other as an outlet 64, wherein the outlet 64 may or may not be 
connected to a pump. Preferably, a valve or series of valves is used to 
control the pressure, and the pump, If used, may have variable speeds. 

The etalon 60 and the grating 35 are each preferably initially aligned at 
selected angles to the beam depending on the desired wavelength range to 
be used, and then the pressure in the enclosure 61 is varied to tune the 
wavelength around that initially selected wavelength. The etalon 60 or both 
the etalon 60 and the prism 59 may alternatively be outside the enclosure 52. 

Fig. 8 schematically shows a line-narrowing module in accord with a 
seventh embodiment. The line-narrowing module of Fig. 8 is preferably the 
same as the fourth embodiment described with reference to Fig. 7, except 
there is no enclosure 61 and the etalon 60 is replaced by the etalon 68 and/or 
the prism 59 is replaced with the prism 66. The etalon 68 differs from the 
etalon 60 in that the talon 68 is preferably rotatable for tuning the wavel ngth 
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output by the line-narrowing module. Alternatively, th prism 66 may differ 
firomth prism 59 in that the prism 66 may be rotataW or tuning the 
wavelength. The etaton 60 and/or prism 59 of the sixth embodiment of Fig. 7 
could also be alternatively rotatable, but preferably the etalon 60 and prism 59 
are fixed at the initially selected angles, as discussed above. The other 
prisms 30. 31 may be additionally or alternatively rotatable, and may be 
synchronously rotatable as set forth at the 09/244,554 application, 
incorporated by reference above. 

Since there is no enclosure 61 for tuning the wavelength in the seventh 
embodiment, and once again the grating 35 is fixed to the heat sink 38, then 
the rotatable property of the etalon 68 or prism 66 is advantageous for tuning 
the wavelength and/or stabilizing the wavelength, e.g. f in a feedback loop with 
a processor and wavelength detector of the diagnostic module 18. 

The above objects of the invention have been met Several 
embodiments of a line-narrowing module for a precision-tunable excimer laser 
have been described (as well as many further variations discussed above). 
The bulky grating 35 may remain fixed in position while the wavelength is 
precisely tuned by finely adjusting the pressure in the enclosures 40, 44, or by 
rotating one or more of the prisms 30-32, 48 and/or an etalon 58, 68. 

A line-narrowing module particularly for a high repetition rate excimer 
laser having a thermally stabilized diffraction grating has also been described. 
By attaching the grating 35 to the heat sink, the heat that may otherwise 
degrade the performance and/or structure of the grating 35 is advantageously 
dissipated in the heat sink 38. 
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Those skiUed in the art win appreciate that the just-disclosed preferred 
mbodiments are subject to numerous adaptations and modifications without 
departing from the scope and spirit of the invention. Therefore, it is to be 
understood that, within the scope and spirit of the invention, the invention may 
be practiced other than as specifically described above, in particular, the 
invention is to be interpreted in accordance with the appended claims, and 
equivalents thereof, without limitations being read from the specification 
above. 

For example, the advantages of pressure-tuning using the enclosures 
40. 44 or tuning the wavelength by rotating one or more of the prisms 30-33, 
48 may be realized without attaching the grating 35 to the heat sink 38. 
Moreover, the enclosure may seal different elements of the line-narrowing 
module. For example, the enclosure may seal one or more of the prisms 30- 
33. 48 and/or an etalon without sealing the grating 35. Also, the advantages 
of attaching the grating 35 to the heat sink 38 may be realized while still 
rotating the grating 35 along with the heat sink 38 to tune the wavelength. In 
addition, the enclosure 40, 44 may be advantageously prepared such as la 
described at U.S. patent application no. 09/343,333 free of VUV absorbing 
species, particularly for an F 2 laser, or even an ArF laser. 
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What is claimed is: 

1. An excimer or molecular fluorin laser, comprising: 

a discharge chamber filled with a gas mixture including molecular 
fluorine; 

a plurality of electrodes within the discharge chamber connected to a 
pulsed discharge circuit for energizing the gas mixture; and 

a resonator for generating a laser beam including a pair of resonator 
reflector surfaces, the discharge chamber and a line-narrowing module, 

wherein the line-narrowing module includes: 

a beam expander including one or more optical elements for 
expanding the beam and reducing a divergence of the beam; and 
a reflection grating coupled with a heat sink, said grating 
for receiving the expanded beam and dispersing the beam to reduce a 
bandwidth of the beam that remains within an acceptance angle of the 
resonator upon dispersion by the grating, said heat sink for removing heat 
caused by beam absorption. 

2. The laser of Claim 1 9 further comprising one or more Interferometric 
devices for further improving a spectral purity of the beam. 

3. The laser of Claim 2, wherein at least one of the one or more 
interferometric devices is rotatable for tuning the wavelength output by the 
line-narrowing module. 
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4. Th laser of Claim 1 , wh rein th beam expander IncJud 8 on or more 
prisms. 



5. The laser of Claim 4, wherein at least one of the one or more prisms is 
rotatable fortuning the wavelength output by the line-narrowing module. 

6. The laser of Claim 4, wherein at least two of the prisms are synchronously 
rotatable for tuning the wavelength output by the line narrowing module, and 
for mutually compensating a re-directing of the beam path produced by 
rotation of said prisms. 



7. The laser of Claim 1, further comprising a sealed enclosure around one or 
more optical elements of the line-narrowing module and a processor for 
monitoring the wavelength of the beam, and wherein the sealed enclosure 
includes an Inert gas inlet for filling the enclosure with an inert gas, the 
processor further for controlling the pressure of the Inert gas within the 
enclosure for tuning the wavelength output by the line-narrowing module. 

8. The laser of Claim 7, wherein the enclosure further includes an outlet for 
flowing an inert gas through said enclosure. 

9. The laser of any of Claims 7 or 8, wherein the grating is within the 
enclosure. 
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10. The laser of Claim 9, wh rein me beam expander inchid s one or more 
lem nts disposed within the enclosure. 



1 1. The laser of Claim 9. wherein the linewiarrowing module further includes 
one or more interferometric devices. 



12. The laser of claim 1 1 , wherein at least one of the one or more 
interferometric devices is within the enclosure. 



1 3. The laser of any of Claims 7 or 8, wherein the line-narrowing module 
further includes one or more interferometric devices within the enclosure. 

14. The laser of any of Claims 7 or 8, wherein the line-narrowing module 
farther includes one or more elements of the beam expander within the 
enclosure. 



15. An exdmer or molecular fluorine laser, comprising: 

a discharge chamber filled with a gas mixture including molecular 
fluorine; 

a plurality of electrodes within the discharge chamber connected to a 
pulsed discharge circuit for energizing the gas mixture; and 

a resonator for generating a laser beam including a pair of resonator 
reflector surfaces, the discharge chamber and a line-narrowing module 
including one or more optical elements for reducing th bandwidth of th 
beam, 
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a sealed enclosure around one or more optical elements of the line- 
narrowing module; and 

a processor for monitoring the wavelength of the beam, and wherein 
the seated enclosure includes an inert gas inlet for filling the enclosure with an 
inert gas, the processor further for controlling the pressure of the inert gas 
within the enclosure for tuning the wavelength output by the line-narrowing 
module. 

16. The laser of Claim 15, wherein the enclosure further includes an outlet for 
flowing an inert gas through said enclosure. 

17. The laser of any of Claims 15 or 16, wherein the line-narrowing module 
includes: 

a beam expander including one or more optical elements for expanding 
the beam and reducing a divergence of the beam; and 

a reflection grating for receiving the expanded beam and dispersing the 
beam to reduce a bandwidth of the beam that remains within an 
acceptance angle of the resonator upon dispersion by the grating. 

1 8. The laser of Claim 17, wherein the grating is within the enclosure. 

1 9. Th laser of Claim 18, wherein at least one of the on or more optica! 
elements of the beam expander is also within the enclosure. 
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a sealed enclosure around one or more optical elements of the fine- 
narrowing module; and 

a processor for monitoring the wavelength of the beam, and wherein 
the seated enclosure includes an inert gas inlet for filling the enclosure with an 
inert gas, the processor further for controlling the pressure of the inert gas 
within the enclosure for tuning the wavelength output by the line-narrowing 
module. 

16. The iaser of Claim 15, wherein the enclosure further includes an outlet for 
flowing an inert gas through said enclosure. 

17. The laser of any of Claims 15 or 16, wherein the line-narrowing module 
includes: 

a beam expander including one or more optical elements for expanding 
the beam and reducing a divergence of the beam; and 

a reflection grating for receiving the expanded beam and dispersing the 
beam to reduce a bandwidth of the beam that remains within an 
acceptance angle of the resonator upon dispersion by the grating. 

1 8. The laser of Claim 17, wherein the grating is within the enclosure. 

19. The laser of Claim 18, wherein at least one of the one or more optical 
elements of the beam expander is also within the enclosure. 
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20. The laser of Claim 18, wherein the line-narrowing module further includes 
oneormor interferom trie devices within the enclosure. 

21. The laser of Claim 17, wherein the line-narrowing module further includes 
one or more interferometric devices within the enclosure. 

22. The laser of Claim 16, wherein the processor controls the pressure within 
the enclosure by controlling a rate of flow of said inert gas. 

23. The laser of any of Claims 1 , 1 5 or 16, further comprising an output 
coupling interferometer including at least one curved inner surface such a gap 
spacing between said curved surface and an opposing inner surfaoe varies 
over a cross section of the interferoemter for further improving a spectral 
purity of the beam. 

24. The laser of Claim 23, wherein said opposing inner surface is a 
substantially flat surface. 

25. The laser of Claim 23, wherein said opposing inner surface is curved 
surface, wherein said two inner surfaces having opposing curvatures. 

26. The laser of Claim 23, wherein said laser is an ArF laser emitting at a 
wavelength of 1 93 nm! 
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26. The laser of any of Claims 1 , 1 5 or 16, further comprising an etaion 
output coupler for further improving a spectral purity of the beam. 

27. The laser of any of Claims 1 , 1 5 or 1 6, wherein the laser is a molecular 
fluorine laser emitting around 157 nm. 

28. The laser of any of Claims 1, 15 or 16, wherein the laser is an ArF laser 
emitting around 193 nm. 

29. The laser of any of Claims 1 , 15 or 16, wherein the laser is a KrF laser 
emitting around 246 nm. 

30. The laser of Claim 1, wherein the line-narrowing module further includes 
an interferometric device disposed in front of the grating after the beam 
expander. 

31. The laser of Claim 17, wherein the line-narrowing module further includes 
an interferometric device disposed in front of the grating after the beam 
expander. 

32. An excimer of molecular fluorine laser, comprising: 

a discharge chamber filled with a gas mixture including molecular 
fluorine and a buffer gas; 
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a plurality of electrodes within the discharge chamber connected to a 
pulsed discharge circuit for energizing th gas mixture at a repetition rate 
of more than 2 kHz; and 

a resonator for generating a laser beam including a pair of resonator 
reflector surfaces, the discharge chamber and a line-narrowing module 
including a beam expander, an interferometric device and a grating for 
reducing the bandwidth of the beam to less than 0.5 pm, 

wherein the beam expander comprises optics formed of a thermally 
stable material at DUV wavelengths and below and at said repetition rate 
of more than 2 kHz, said interferometric device comprises a pair of plates 
formed of said same thermally stable material, and the grating is thermally 
and mechanically stabilized within the line-nairowing module. 

33. The laser of Claim 32, wherein said thermally stable material of said 
optics of said beam expander and of said plates of said interferometric device 
is selected from the group of materials consisting of CaF 2 , MgF 2 , LiF and 
BaF 2 . 

34. The laser of Claim 32, wherein said thermally stable material of said 
optics of said beam expander and of said plates of said interferometric device 
is CaF 2 . 

35. The laser of Claim 32, wherein said thermally stable material of said 
optics of said beam expander and of said plates of said interferometric device 
is MgF 2 . 
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36. Anexcim r or molecular fluorin laser, comprising: 

a discharge chamber filled with a gas mixture including molecular 
fluorine; 

a plurality of electrodes within the discharge chamber connected to a 
pulsed discharge circuit for energizing the gas mixture; and 

a resonator for generating a laser beam including a pair of resonator 
reflector surfaces, the discharge chamber and a line-narrowing module 
including a beam expander, an interferometric device and a grating for 
reducing the bandwidth of the beam, 

wherein the interferometric device is disposed before the grating after 
the beam expander. 

37. The laser of Claim 36, wherein the beam expander includes a plurality of 
prisms each disposed between the interferometric device and the discharge 
chamber. 

38. The laser of Claim 36, wherein the beam expander includes at least three 
prisms each disposed between the interferometric device and the discharge 
chamber. 

39. The laser of any of Claims 34-36, wherein the laser is a KrF laser emitting 
around 248 nm. 

40. An xcimer or molecular fluorine laser, comprising: 
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a discbarg chamber filled with a gas mixture including molecular 
fluorine; 

a plurality of electrodes within the discharge chamber connected to a 
pulsed discharge circuit for energizing the gas mixture; 

a resonator for generating a laser beam including a pair of resonator 
reflector surfaces, the discharge chamber and a line-narrowing module; 

a sealed enclosure around one or more optical elements of the line- 
narrowing module; and 

a processor for monitoring the wavelength of the beam, and wherein 
the sealed enclosure includes an inert gas inlet for filling the enclosure with an 
inert gas, the processor further for controlling the pressure of the inert gas 
within the enclosure for tuning the wavelength output by the line-narrowing 
module, 

wherein the line-narrowing module includes: 
1 . i a beam expander including one or more optical elements for 
expanding the beam and reducing a divergence of the beam; and 
a reflection grating coupled with a heat sink, said grating 
for receiving the expanded beam and dispersing the beam to reduce a 
bandwidth of the beam that remains within an acceptance angle of the 
resonator upon dispersion by the grating, said heat sink for removing heat 
caused by beam absorption. 

* - . -« 

41. The laser of Claim 40, wherein the enclosure further includes an outlet for 
flowing an inert gas through said enclosure. 
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42. The laser of any of Claims 1 or 37, wherein said grating is fixable 
attached to said h at sink. 
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